In Brief
The adaptor protein CARD9 plays a crucial role in anti-fungal immunity, linking detection of fungi by surface receptors to the activation of the NF-kB pathway. Wang et al. show that Card9 À/À mice are more susceptible to colitisassociated cancer and outline a mechanism whereby fungal dysbiosis increases the frequency of myeloidderived suppressor cells, thus contributing to tumorigenesis.
INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer and the third leading cause of death in the world (Arnold et al., 2017) . Chronic inflammation is thought to play a crucial role in the development of CRC (Arthur et al., 2012; Lasry et al., 2016) . Patients with inflammatory bowel disease (IBD) have increased risk of developing CRC (Gupta et al., 2007; Rutter et al., 2004) . Therefore, targeting the link between chronic inflammation and tumor development may offer new therapies to prevent cancer.
The mammalian gastrointestinal tract is colonized with multiple microbial communities, including bacteria, fungi, and viruses. The gut microbiota shape the adaptive and innate immune systems, which can regulate the pathogenesis of intestinal and systemic disease (Kaiko and Stappenbeck, 2014; Round and Mazmanian, 2009) . By comparing the composition of intestinal microbes of healthy individuals (Qin et al., 2010; Turnbaugh et al., 2007) with that of colitis patients (Macfarlane et al., 2009; Willing et al., 2010) , it is clear that the gut microbiome actively participates in the process of IBD (B€ aumler and Sperandio, 2016; Garrett et al., 2010) . As for carcinogenesis, the presence of Helicobacter pylori infection is a well-known inducer of gastric cancers. A previous study reveals the existence of 819 kinds of microbes in colon tumor and normal feces (Sobhani et al., 2011) . A series of microbial-gut-swapping tests prove that bacteria are required for the development of colon cancer (Arthur et al., 2012 (Arthur et al., , 2014 . Although most studies of commensal microbes have focused on bacteria, commensal fungi have been reported (Scupham et al., 2006) and linked with several gastrointestinal diseases including IBD (Ott et al., 2008) , irritable bowel syndrome (Santelmann and Howard, 2005) , and chemotherapy-induced enteric disorders (Stringer et al., 2009 ). The gastrointestinal tract of healthy individuals contains several fungal genera, with Candida being the dominant genus (Mukherjee et al., 2015) . Certain levels of fungi can shape our mammalian immunity (Brown, 2010) . However, these fungi are conditionally pathogenic in a specific environment, such as a suppressed immune system or a reduced population of bacteria. A colitis mouse model shows that dextran sodium sulfate (DSS) treatment allows pathogenic fungi to translocate and that Dectin-1 has a protective role in colitis (Iliev et al., 2012) . However, the functional role of commensal fungal microbiota in the development of CRC is still unknown.
The adaptor protein Caspase Recruitment Domain-containing protein 9 (CARD9) is restrictedly expressed in myeloid cells (Hara et al., 2007; Hsu et al., 2007; Nakamura et al., 2005) . Multiple pattern recognition receptors (PPRs) of the C-type lectin receptor (CLR) including Dectin-1, Dectin-2, Dectin-3, and Mincle require CARD9 for the activation of innate immunity (Bi et al., 2010; Gross et al., 2006; Jia et al., 2014; Robinson et al., 2009; Saijo et al., 2007; Schoenen et al., 2010; Zhao et al., 2014) . CARD9-deficient (Card9 À/À ) mice are susceptible to infection with Candida albicans and Listeria monocytogenes (Gross et al., 2006; Hara et al., 2007; Hsu et al., 2007) . Card9 can form a complex with B cell leukemia-lymphoma 10 (Bcl10) and with mucosa-associated lymphoid tissue (Malt1), activating NF-kB signaling (Drummond and Brown, 2011; Kingeter and Lin, 2012) . Card9 À/À mice have more severe DSS-induced colitis than wild-type (WT) mice (Sokol et al., 2013) . Genome-wide association studies (GWASs) in IBD patients identified association of CARD9 polymorphisms with Crohn's disease and ulcerative colitis (Beaudoin et al., 2013; Rivas et al., 2011) . CARD9 impacts colitis by altering the composition and function of gut microbiota (Lamas et al., 2016) . Transferring microbiota from Card9 À/À mice to WT, germ-free recipients increases their susceptibility to colitis, thus supporting the notion that CARD9-mediated dysbiosis facilitates the development of colitis. Whereas CARD9 deficiency has been associated with increased susceptibility to colitis and by GWASs to CRC, the mechanisms involved are incompletely understood. Myeloid-derived suppressor cells (MDSCs) are a heterogeneous group of immature myeloid cells, which can promote immune suppression and facilitate tumor development (Gabrilovich and Nagaraj, 2009 (Youn et al., 2008) . Several transcription factors, including STAT3 and IRF8, have been implicated in MDSC expansion (Condamine and Gabrilovich, 2011; Sonda et al., 2011) . In this study, we investigated the contribution of CARD9-dependent innate immunity on the development of CAC. We found that Card9 À/À mice display increased colitis-associated colon cancer. CARD9-deficient macrophages showed impaired fungicidal abilities, which led to increased fungi, especially C. tropicalis, in the gut, and we found that commensal fungal disorders can promote the development of CAC. The increased fungi induced MDSC accumulation and promoted the development of CAC, while antifungal treatment ameliorated CAC in Card9 À/À mice.
RESULTS

Card9
-/-Mice Have Increased Tumor Burden upon AOM-DSS Treatment Compared to WT Mice Card9 À/À mice (Hsu et al., 2007) were used after backcrossing for nine generation to C57BL/6J mice. To avoid crosstalk of fecal microbiota, WT mice and Card9 À/À mice were separated at least 4 weeks before use and throughout the experiments. Mice were injected intraperitoneally with one dose of azoxymethane (AOM), followed by three cycles of feeding water with DSS (2%) (Figure S1A) . AOM is a potent carcinogen that can induce p53-dependent apoptosis in intestinal epithelial cells. DSS treatment causes epithelial injury and subsequent colonic inflammation that drives epithelial dysplasia. After induction of tumorigenesis, mice were euthanized on day 100 and tumor was evaluated. As shown in Figures 1A and 1B, tumors occurred more frequently and tumor loads were heavier in Card9 À/À mice than in WT mice. Histologically, most of the lesions were adenocarcinomas with various degrees of differentiation. In tumor-bearing Card9 À/À mice, there were more low-grade adenocarcinomas with frequent invasion into submucosa and occasional invasion into muscularis propria ( Figure 1C ). The histological score of colon tissues was significantly higher in tumor-bearing Card9 À/À mice than that in tumor-bearing WT mice ( Figure 1D ). Also, spleens were significantly enlarged in tumor-bearing Card9
mice as compared to their WT counterparts (Figures S1B and S1C). We then conducted immunohistochemical analyses to detect cellular proliferation and apoptosis in colonic tumors. The percentages of proliferating cell nuclear antigen (PCNA)-positive cells and COX-2-positive cells were higher in tumor tissues of Card9 À/À mice than in those of WT mice (Figures 1E and 1F) .
To identify genes that may be responsible for increased tumor in Card9 À/À mice, we performed RNA-seq analysis to compare the colon transcriptomes in AOM-DSS-treated and untreated mice. The transcripts clustered according to genotype (Figure S1D ). The most differentially expressed genes of colonic tissues from Card9 À/À and WT mice were S100 calcium-binding protein A9 (S100A9) and arginase-1 (Arg-1) ( Figure 1G ), as confirmed by qPCR. KEGG analysis of mRNA transcripts revealed that genes differentially between tumor-bearing WT and Card9 À/À mice could be categorized in 14 signal transduction pathways ( Figure S1E ), of which the ''cytokine-cytokine receptor interaction'' pathway was most significant. Expression, as detected by qPCR, of IL-6, Cxcl1, transforming growth factor-b (TGF-b), and Il-10 was increased in the colonic tissues of tumor-bearing Card9 À/À mice compared with that in tumorbearing WT mice, and expression of Il-17 was decreased (Figures 1H , S1F, and S1G). Similar results were found in mesenteric lymph nodes (mLNs) of tumor-bearing Card9 À/À and WT mice ( Figure S1H ). We also detected cytokine and chemokine production in serum of tumor-bearing Card9 À/À and WT mice using Multiplex assays. Systemic protein production of G-CSF, IL-1a, and KC were higher and the production of IFN-g and IL-17a were lower in the serum of Card9 À/À tumor-bearing mice than those in WT tumor-bearing mice. However, no differences were found in systemic production of IL-6, TNF-a, and IL-10 in serum when comparing AOM-DSS-treated WT and Card9 À/À mice ( Figure S2A ). Figure S2B ).
Impaired Immune Responses in
Since both AOM and DSS contribute to the development of CAC, we performed AOM alone and DSS alone experiments in mono-housed Card9 À/À and WT mice. We monitored the number of tumors induced by AOM without DSS for 6 months and found no differences in tumor load, fungal burden, and bacterial burden between WT and Card9 À/À mice ( Figures S3A and S3B ).
Furthermore, by measuring p-P53 expression using western blot, gH2AX expression using flow cytometry, and cleaved-caspase 3 expression using IHC in tumor tissues, we found AOMinduced DNA damage and apoptosis were similar in tumors from WT and Card9 À/À mice ( Figures S3C-S3E ), suggesting that the differences in tumorigenesis between mono-housed WT and Card9 À/À mice were not due to the difference of initial response to AOM treatment in intestinal epithelial cells. We then investigated the role of CARD9 in DSS-induced acute colitis, which is critical for AOM-DSS-induced tumorigenesis. Mono-housed WT and Card9 À/À mice were given 2.5% DSS in the drinking water for 7 days and then were given regular drinking water until day 12. Card9 À/À mice exhibited greater weight loss and shorter colon lengths than WT mice upon DSS treatment ( Figures S3F and S3G ). These data are consistent with previous study (Sokol et al., 2013) . The expression of apoptosis-related genes Bcl2 and Noxa was increased in colon tissues of DSStreated Card9 À/À mice as compared to their WT counterparts, whereas expression of Xiap and Mcl-1, as measured by qPCR, was decreased ( Figure S3H ). In chronic colitis mouse model, mono-housed WT and Card9 À/À mice were treated with three cycles of DSS without AOM and no tumor formation was found in WT and Card9 À/À mice ( Figure S3I ). These data confirm that Card9 À/À mice are more susceptible to DSS-induced colitis than WT mice. However, DSS-induced colitis was not sufficient to induce tumor development in these mice.
The Intestinal Microbiota Is Altered in Card9 -/-Mice
To confirm the effect of microbiota on tumorigenesis, we did a CAC experiment using co-housed WT and Card9 À/À mice. WT
and Card9 À/À mice were co-housed for at least 4 weeks before and throughout these experiments. Tumor loads showed no difference between co-housed Card9 À/À and WT mice ( Figure S3J ), suggesting that endogenous microbiota plays critical role in the increased tumor-burden in mono-housed Card9 À/À mice. Therefore, we explored the composition of microbiota in monohoused Card9 À/À and WT mice after induction of tumorigenesis.
Mice were treated as stated in Figure 1 . Feces were collected from each mouse on day 100. Fungal 18S rDNA and bacterial were separated at least 4 weeks before use and throughout the experiments. To develop CAC model, mice were injected intraperitoneally with one dose of AOM (10 mg/kg), followed by three cycles of feeding water with 2% DSS. After induction of tumorigenesis, mice were euthanized on day 100 and colons were removed from each mouse. ( 16S rDNA were evaluated by using qPCR. The total fungal burden in feces was markedly higher in tumor-bearing Card9 À/À mice than in tumor-bearing WT mice (Figure 2A ), while the bacteria burden showed no difference ( Figure S4A ). We further analyzed the fungal microbiota in feces by using high-throughput internal transcribed spacer 2 (ITS2) sequencing. Compared with untreated mice, both WT and Card9 À/À mice have increased operational taxonomic unit (OTU) numbers after induction of tumorigenesis ( Figure 2B ). However, no differences were observed regarding fungal biodiversity between tumor-bearing WT and Card9 À/À mice based on alpha-diversity analysis using several different indexes (Table S1 ). Illustrative diagrams using principal component analysis (PCA) of feces showed that the principal component of fecal fungus in Card9 À/À mice was altered after tumor induction, whereas it changed only slightly in WT mice ( Figures 2C and 2D ). The fungal microbiota was dominated by Ascomycota in tumor-bearing Card9 À/À mice at day 100 ( Figure 2E ), in which the percentage of Candida showed a significant difference between tumor-bearing WT and Card9
À/À mice ( Figure 2F ). Candida is proved to be the major intestinal Mice were treated as described in Figure 1 (n = 5 for each group). After induction of tumorigenesis (100 days), mice were euthanized and feces were collected from WT and Card9 À/À mice.
(A) Total fungal burden in the feces of AOM-DSStreated or untreated mice was quantified using 18S rDNA qPCR. Figure S4 .
fungal genus in colitis mice (Iliev et al., 2012) . To figure out the specific species in Candida, we then quantified the specific burden of Candida (C. tropicalis, C. albicans, and C. glabrata) in feces by qPCR using specific primers. We found that C. tropicalis was increased and was the dominating fungus in tumor-bearing Card9 À/À mice ( Figures 2G and S4B ). We also explored the bacterial composition in feces by using 16S ribosomal DNA sequencing. We found the composition of bacterial genera had no difference between tumor-bearing WT and Card9 À/À mice by using alpha-diversity analysis, principal component analysis, and bacteria-taxon-based analysis (Figures S4C-S4F ).
To determine the impact of Card9 on the phagocytic and fungicidal abilities of macrophage, bone marrow-derived macrophages (BMDMs) were prepared from Card9
and WT control mice (WT-BMDMs) and were challenged with GFP-expressing C. tropicalis. Compared with WT-BMDMs, Card9
À/À -BMDMs had a larger amount of fungal load. Colonyforming unit (CFU) assays demonstrated more viable yeasts recovered from Card9 À/À -BMDMs ( Figure S4G ). These data suggest that Card9
-BMDMs have an impaired ability to limit the intracellular replication of C. tropicalis. This impaired fungal-killing ability was not due to phagocytosis, since BMDMs from WT and Card9 À/À mice had similar phagocytosis abilities ( Figure S4H ), which is consistent with our previous study (Wu et al., 2009 ).
Microbiota from Tumor-Bearing Card9 -/-Mice Increases
CAC Development
To confirm the role of intestinal microbiota in CAC development, germ-free (GF) mice were gavaged with feces from tumorbearing WT or Card9 À/À mice during AOM-DSS treatment ( Figure 3A ). WT microbiota-receiving mice and Card9 À/À microbiota-receiving mice were mono-housed during experiment and were euthanized on day 100. GF mice that received microbiota from tumor-bearing Card9 À/À mice developed significantly more tumors, compared with mice received microbiota from tumor-bearing WT mice ( Figure 3B ). Fecal microbiota from tumor-bearing Card9 À/À mice also induced tumors with higher extent of malignancy and more PCNA and COX-2 expressions, compared with those induced by fecal microbiota from tumorbearing WT mice ( Figures 3C and 3D ). Feces were also collected from GF mice on day 100. GF mice that received Card9 À/À microbiota had more total fungal burden, more proportion of C. tropicalis, and more colonic expressions of IL10 and TGF-b than those that received WT microbiota ( Figures 3E-3G ). These data suggested that the altered microbiota in Card9 À/À mice, but not the lack of Card9 in recipient GF mice, was responsible for the increased CAC development. Furthermore, transferring WT feces to Card9 À/À mice could partially protect mice from CAC development ( Figure S5A ). To confirm the role of C. tropicalis, we mono-colonized GF mice with C. tropicalis (1 3 10 7 yeast/mouse/dose, twice a week) during AOM-DSS administration ( Figure 3H ). After induction of tumorigenesis (100 days), these ex-GF mice monocolonized with C. tropicalis developed significantly heavier tumor burden and more fungal burden than GF control mice ( Figures  3I and S5B ). Bacteria burden was undectectable pre-colonization and after C. tropicalis colonization in GF mice. For comparison, we mono-colonized GF mice with another fungi, S. fibuligera (1 3 10 7 yeast/mouse/dose, twice a week) during AOM-DSS administration. S. fibuligera supplementation did not contribute to CAC pathology, although the total fungal burden was also increased (Figures S5C-S5E ). We then explored the role of C. tropicalis in acute colitis model. Mice were gavaged with C. tropicalis (1 3 10 7 yeast/mouse/dose) for 7 days followed by DSS (2.5%) treatment for 7 days (Figure S6A ). Body weight of Card9 À/À mice given C. tropicalis and DSS decreased by 20% at day 15 ( Figure S6A ). More severe pathological changes and increased expression of COX-2 were found in the C. tropicalis-supplemented group in Card9 À/À colitis mice ( Figures S6B-S6D ). C. tropicalis colonization led to increased fungal burden in Card9 À/À colitis mice ( Figure S6E ), while it had no effect on bacteria burden ( Figure S6F ). Since Card9-deficient macrophages are impaired in fungicidal abilities of C. tropicalis, it suggests that Card9 deficiency results in the increased C. tropicalis in gut, which leads to the high susceptibility to inflammation-associated colitis and CAC.
C. tropicalis Induced MDSC Differentiation and Activated MDSC Function
We next investigated the mechanism by which C. tropicalis promotes CAC. Mice were treated as stated in Figures 1A and 3A .
Colon tissues were acquired and LP lymphocytes were isolated on day 100. Using flow cytometry, we found that the proportion of MDSCs (Gr1 those from tumor-bearing WT mice (Figures 4C and S7C) . Of note, the expressions of S100A9 and Arg-1, two proteins that have been reported to be critical for the inhibitory effect of MDSCs, were significantly increased in tumor-bearing Card9 À/À mice and GF mice that received microbiota from Card9 À/À mice ( Figure 4D ). MDSCs (Gr1 + CD11b + cells) were also recruited and activated in GF mice after C. tropicalis colonization ( Figures S7D  and S7E ), as detected by flow cytometry. Similar results were found in the expression of Il-10 and TGF-b ( Figure S7F ), as detected by qPCR. To confirm the role of G-MDSCs in the development of CAC, anti-Ly6G antibody was administrated to monohoused WT and Card9 À/À mice during AOM-DSS treatment ( Figure 4E ). Mice were euthanized on day 100 and feces were collected. Although anti-Ly6G treatment did not affect fungal burden in tumor-bearing mice ( Figures S7G and S7H) , the proportion of G-MDSCs were significantly decreased in both tumor-bearing WT and Card9 À/À mice after anti-Ly6G treatment ( Figure 4F ). Tumor loads and histological malignance scores were decreased in tumor-bearing Card9 À/À mice after antiLy6G treatment ( Figures 4G and 4H ), suggesting the effect of G-MDSCs on increased tumor burden in Card9 À/À mice.
We then performed an in vitro experiment to confirm that C. tropicalis can induce MDSC differentiation. Bone marrow cells obtained from WT mice were stimulated with C. tropicalis for 6 days. C. tropicalis stimulation lead to increased MDSCs (Gr1 Compared with non-stimulated cells, C. tropicalis-, zymosan-, and mannans-induced MDSCs had higher expressions of iNos and Arg-1 ( Figure 5H ).
Anti-fungal Treatment Ameliorates CAC in Card9 -/-Mice
To explore the potential therapeutic role of anti-fungal treatment in Card9 À/À mice, we suppressed fungal growth in mice via treatment with fluconazole. WT mice and Card9 À/À mice were separated at least 4 weeks before use and throughout the experiments. Mice were treated with three cycles of fluconazole (0.5 mg/mL) in drinking water during DSS treatment. After induction of tumorigenesis, mice were euthanized on day 100 and feces were collected ( Figure 6A ). Fluconazole treatment significantly decreases fungal burden in Card9 À/À mice (Figure 6B) . Although fluconazole treatment could slightly increase bacteria burden in these mice, no significant difference of bacteria burden was found between tumor-bearing WT and Card9 À/À mice ( Figure 6B ). Fluconazole treatment led to fewer numbers of tumor, reduced tumor burden, and decreased expression of PCNA and COX-2 in Card9 À/À mice ( Figures   6C-6F ). In tumor-bearing Card9 À/À mice, fewer MDSCs were found in fluconazole treatment group than in the non-treatment group ( Figure 6G ). Meanwhile, fluconazole treatment also reduced the expression of S100A9 and Arg-1 in the colon tissues of tumor-bearing Card9 À/À mice ( Figure 6H ).
C. tropicalis Is Correlated with MDSC Proportion in Patients with Colon Cancer
In patients with CRC (n = 87), the total fungal burden was significantly increased compared to healthy subjects (n = 22, Figure 7A ). Of note, the proportion of C. tropicalis was higher in CRC patients than healthy subjects, whereas the proportion of C. albicans showed no difference between CRC patients and healthy subjects ( Figure 7B ). These data compelled us to detect the anti-fungal ability in CRC patients. We divided our patients into two groups based on the fungal burden and detected the expressions of CARD9 in colon tissues of these patients. We found that the expression of CARD9 was significantly higher in the low fungal burden group than in the high fungal group ( Figure 7C ). Positive correlations were found between fecal fungal burden and MDSCs (CD11b + CD14 À CD33 + cells) proportion in blood (R 2 = 0.88, p < 0.01, Figure 7D ) and between fecal fungal burden and MDSCs proportion in colon tissues (R 2 = 0.47 p < 0.01, Figure 7E ).
In summary, we proposed the following working model: C. tropicalis is a type of commensal fungus that exists in the mouse and human intestine. After tissue damage induced by DSS, C. tropicalis translocated into the LP can be cleared by macrophages through Card9-dependent antifungal innate immune responses. Card9-deficient mice have impaired fungicidal abilities, which results in increased fungal burden in the gut, leading to increased MDSC accumulation, inhibition of effector T cells, and promoting the development of colon cancer.
DISCUSSION
In this study, we find that Card9 À/À mice display an increased prevalence of CAC. Card9-deficient macrophages have impaired fungicidal abilities, which led to increased fungi, especially C. tropicalis, in the gut. The increased fungi induce MDSC accumulation and promote the development of CAC. Of note, (H) mRNA expression of S100A9 and Arg-1 in colonic LP cells was detected using qPCR. Data with error bars are represented as mean ± SD. Each panel is a representative experiment of at least three independent biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001 as determined by unpaired Student's t test.
anti-fungal treatment ameliorates CAC in Card9 À/À mice. Thus, our study uncovers the role of commensal fungi in the development of colon cancer, and CARD9 regulates intestinal anti-tumor immunity by controlling MDSC differentiation through modification of gut microbiota. Recently, the role of commensal microbes in host homeostasis has attracted extensive attention. Gut microbes have been associated with aging (Neyrinck et al., 2017) , obesity (Pindjakova et al., 2017) , IBD, and colon cancers (Ilyas et al., 2015; Kang and Martin, 2017; Luan et al., 2015; Round and Mazmanian, 2009 ). As to the regulation of intestinal immunity, commensal Escherichia coli can promote the development of colon tumors in IL10 À/À mice (Arthur et al., 2012) . Bacteroides fragilis colonization triggers IL17-dependent colon carcinogenesis (Geis et al., 2015) . Manipulation of the gut microbiota using resistant starch is associated with protection against CAC (Hu et al., 2016) . As for the commensal fungus, C. albicans is the predominant commensal yeast colonized in human intestine (Jawhara et al., 2008) . Our previous study has found C. tropicalis is specifically increased in Dectin3 À/À colitis mice (Wang et al., 2016) .
Until now, no study has confirmed the role of commensal fungi in carcinogenesis. Here, we uncover the crucial role of commensal fungi in the development of colon cancer. By using an AOM-DSS-induced colitis-associated colon cancer mouse model, fecal transfer to germ-free mouse model, and antifungal treatment mouse model, we provide compelling evidence that commensal fungal can promote the development of colon cancer.
In our study, we did both mono-housing and co-housing experiments to confirm the role of microbiota in tumorigenesis. In the mono-housing experiment, Card9 À/À and WT mice were separated at least 4 weeks before use and throughout the experiments. This manipulation is critical since it can avoid crosstalk of endogenous microbiota between Card9 À/À and WT mice. In this mono-housing experiment, Card9 À/À mice have increased tumor burden upon AOM-DSS treatment compared to WT mice. When Card9 À/À and WT mice were co-housed before use and throughout the experiment, the difference in tumor burden vanished. This result is consistent with a previous study (Bergmann et al., 2017) , in which Card9 À/À and WT mice were co-housed to minimize variations in the endogenous microbiota. In addition, they use AOM combined with DSS (3.5%), which leads to very severe inflammation and high death rate (40%) in Card9 À/À mice. In our study, DSS (2%) was used to induce a chronic inflammation. Therefore, all Card9 À/À and WT mice can survival during AOM-DSS treatment. However, in the gut microbiota transferring experiment, due to the lack of mucus layer and impaired integrity of the epithelial barrier, about 30% germ-free mice died within 1 week after AOM injection. The remaining 70% mice survived until the end of the experiments. Our findings allow a better understanding of the MDSC accumulation induced by fungal colonization and its contribution to colon cancer development. MDSCs are a group of immature myeloid cells, which may be induced under pathological conditions, such as inflammation and cancer. The accumulation of MDSCs in tumor microenvironment is a complex process, which may depend on two groups of signals. The first signal is released by tumors under stimulation with chronic infection and is critical for the expansion of immature myeloid cells (Condamine and Gabrilovich, 2011) . This kind of signal includes GM-CSF, G-CSF, VEGF, and some transcriptional factors such as STAT3, IRF8, and alarmins S100A9 and S100A8. The second signal is mediated by inflammatory cytokines and is responsible for the pathologic activation of MDSCs. This signal includes several cytokine and chemokines, such as IFN-g, IL6, IL-1b, and Cxcl1. In our tumor-bearing Card9 À/À mice, the mRNA expressions of S100A9, , and Cxcl1 were significantly increased compared to those in tumor-bearing WT mice. These two interactional signals may contribute to the accumulation and activation of MDSCs in tumor-bearing Card9 À/À mice. In our in vitro study, we found that C. tropicalis can induce MDSC differentiation and activate immunosuppressive function of MDSCs. However, this effect is not unique to C. tropicalis. Previous studies have already proven that several toll-like receptors (TLRs) can enhance MDSC frequency and activity. The synthetic lipopeptide has been shown to induce MDSC expansion and prolong MDSC survival (Maruyama et al., 2015) . LPS can also trigger MDSC expansion and activation using MyD88-dependent signaling pathway in several in vitro as well as in vivo studies (Arora et al., 2010; Bunt et al., 2009) . Furthermore, TLR5 ligand can induce MDSC expansion (Rieber et al., 2013) . Therefore, both fungus and bacteria can induce MDSC expansion and activation. These observations provide another regulatory mechanism on MDSCs in tumor environment. The cellular and molecular mechanism by which C. tropicalis selectively increases G-MDSCs in the gut will require further exploration.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xin Lin (linxin307@tsinghua.edu.cn). 
Fungal Strains
The C. tropicalis strain (W4162870) was kindly provided by Dr. Sarah L. Gaffen (University of Pittsburgh, PA). The GFP-C. tropicalis strain was kindly provided by Dr. Richard Bennett (Brown University, Providence, RI). For preparation of the fungal hyphal form, C. tropicalis was washed, re-suspended in complete RPMI 1640 medium, and grown for 3 h.
Mouse Model
To induce CAC model, WT and Card9 À/À mice (10 weeks old) were injected intraperitoneally with AOM (10 mg/kg) on day 1(n = 5, each group). After 5 days, 2% DSS was added to the drinking water for 7 consecutive days. Three cycles of DSS treatment were used. After induction of tumorigenesis, mice were euthanized on day 100. All colon tissues, tumor tissues, feces, serum, spleens and mLNs were collected on day 100. For gut microbiota transfer experiment, fresh stool samples from tumor-bearing WT or Card9 À/À mice were washed, suspended with LYHBHI medium (BD Difco, Le Pont De Claix, France) and were aliquoted and stored in À80 C. In WT/GF and Card9
À/À
cDNA Synthesis and Real-Time PCR Total RNA was isolated from tissues or cells with use of TRIzol. cDNA was synthesized by using a cDNA Synthesis kit. Quantitative real-time PCR was performed by using SYBR Green with an ABI StepOnePlus system (Life Technologies). The primers used are listed in Table S3 . All the gene expression was normalized to the corresponding b-actin.
Fungal Burden Assay
The total fungal burden and the specific fungal burden were detected using qPCR method previous published (Iliev et al., 2012; Wang et al., 2016) . Briefly, Feces were collected from experimental mice and suspended in 50 mM Tris buffer (pH 7.5) containing 1 mM EDTA, 0.2% b-mercaptoethanol, and 1000 U/mL lyticase. The mixture was incubated at 37 C for 30 min, and fungal genomic DNA was isolated from the feces and from colons with use of a QIAamp DNA Stool Mini Kit according to the manufacturer's instructions. To detect fungal rDNA in feces, 100 ng fecal DNA was used as a template, and fungal 18S rDNA was evaluated by using qPCR analysis. For detection of specific fungi, qPCR was performed in genomic DNA by using fungal-specific primers (Table S3 ). The primers used are listed in the Supplemental material. The total fungal burden was calculated by the DCt method and normalized to the weight of the fecal samples and the amount of total DNA used. Relative quantity of the specific fungal burden was also calculated by the DCt method and normalized to the weight of the fecal samples. The proportion of specific fungi was the ratio of specific fungal burden to total fungal burden.
ITS2 rDNA gene sequencing and analysis DNA was isolated from the feces of mice as described above. Fungal diversity was determined by 450 pyrosequencing of the ribosomal genes using ITS2 rDNA primers (Table S3 ). The PCR products were purified and quantified. Sequencing was performed was a Gs-FLX Titanium Sequencing System (Roche, Mannheim, Germany). The sequences were assigned to OTUs using the UCLUST algorithm. Principal component analyses (PCA) based on fungal composition were used.
Isolation of MDSCs and MDSCs suppressive assay
Colon tissue derived MDSCs in mice were purified using a Myeloid-Derived Suppressor Cell Isolation Kit. CD8 + or CD4 + T cells 
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using Prism 6 (GraphPad Software). Statistical significance was evaluated by unpaired Student's t test. Correlation significance was determined by using linear regression. Differences with p values % 0.05 were considered significant. *p % 0.05; **p % 0.01; ***p % 0.001. n represents number of biological replicates.
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